The controlled/living photoradical polymerization of glycidyl methacrylate (GMA) was attained using 4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (MTEMPO) as the mediator and (2RS,2'RS)-azobis(4-methoxy-2,4-dimethylvaleronitrile) as the initiator in the presence of (4-tert-butylphenyl)diphenylsulfonium triflate ( t BuS). Whereas the polymerization in the absence of MTEMPO yielded a gel-containing polymer, the MTEMPO-mediated polymerization produced poly(GMA) bonded at the vinyl site, and retained the oxirane ring structure. No occurrence of the cationic ring-opening photopolymerization of the oxirane ring even in the presence of the photosensitive onium salt indicated that t BuS served as the photoelectron transfer agent between MTEMPO in their excited states at the propagating chain end. The resulting polymers had comparatively narrow molecular weight distributions of M w /M n = 1.46-1.48. The living nature of the MTEMPO-mediated polymerization was confirmed on the basis of a linear increase in the conversion-molecular weight plots and gel permeation chromatography (GPC) analysis.
Introduction
Poly(glycidyl methacrylate) (PGMA) and its copolymers have various industrial applications, such as coatings, adhesives, printing-ink, photo imaging [1] , enzyme immobilization [2] , and carbon dioxide fixation [3] based on the highly reactive pendant oxirane rings that provide the sequential ring-opening reactions. The oxirane rings have also attracted considerable attention from the viewpoint of the photopolymerization chemistry. Monomers, for instance, cyclohexene oxide, n-butyl glycidyl ether, and phenyl glycidyl ether undergo cationic ring-opening photopolymerization in the presence of photosensitive onium salts, such as the diaryliodonium [4] [5] [6] [7] , triarylsulfonium [6] [7] [8] , and ferrocenium salts [1, 9] . The cationic photopolymerization of such oxirane monomers is initiated by the strong Brønsted acid generated through the photolysis of these salts.
While the photosensitive onium salts play the role of the photo-acid generator of the initiator for the cationic ring-opening photopolymerization of the oxirane monomers, it has been reported that these onium salts serve as an accelerator for the controlled/living photoradical polymerization of methacrylate monomers using 4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (MTEMPO) as the mediator [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . MTEMPO has high solubility both in organic solvents and water compared with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and is a model compound of TEMPO supported on a polymer by ether linkage [25, 26] . During this photoradical polymerization, it has been suggested that the onium salts enhance the polymerization rate by promoting the dissociation of MTEMPO and the propagating radical at the chain end through the reversible electron transfer from MTEMPO to the onium salt in the excited state [12, 19, 22] . It was demonstrated that MTEMPO controlled the propagating radical at the chain end as well as the MTEMPO-mediated thermal polymerization based on the fact that the resulting polymer had the MTEMPO moiety at the chain end [11] . The electron transfer from MTEMPO to the onium salt has not been directly proved, however, this mechanism is supported by many electron transfer reactions from the electron donors to the onium salts [27] [28] [29] and by the electrochemical potentials of TEMPO [30] [31] [32] and the onium salts [33] [34] [35] .
It was found that GMA selectively underwent controlled/living photoradical polymerization at the vinyl group using the MTEMPO mediator in the presence of the photosensitive onium salt, rather than the cationic ring-opening photopolymerization of the oxirane ring. This paper describes the controlled/living photoradical polymerization of GMA using MTEMPO as the mediator in the presence of the photosensitive (4-tert-butylphenyl)diphenylsulfonium triflate ( t BuS).
Results and Discussion
The photoradical polymerization of GMA was performed using r-AMDV as the initiator and MTEMPO as the mediator in the presence of t BuS at the molar ratios of MTEMPO/r-AMDV = 1.06 and t BuS/MTEMPO = 0.530. The bulk polymerization was carried out at room temperature by irradiation using a high-pressure mercury lamp. The orange-colored solution turned colorless within 2 h. After an 8 h polymerization, the stirrer bar stopped rotating, and a solid product was obtained. The monomer conversion was estimated to be 58% by 1 H NMR using the signal intensity at 3.9-3.7 ppm (the polymer, c') and 4.00 ppm (the monomer, C') for one of the two non-equivalent protons of the methylene attached to the ester oxygen ( Figure 1 ). The polymerization produced a polymer with the molecular weight of M n = 13,300 and its distribution of M w /M n = 1.48. On the other hand, the polymerization in the absence of MTEMPO rapidly proceeded to yield a polymer at a 100% conversion within 30 min, however, the resulting polymer contained gel. The molecular weight and its distribution for a THF-soluble part of the gel-containing polymer were M n = 58,700 and M w /M n = 5.08, respectively. This gel production indicates that the uncontrolled polymerization occurred at both the groups; the radical polymerization of the vinyl group and the cationic ring-opening polymerization of the oxirane ring. H NMR analysis revealed that the MTEMPO-mediated polymerization selectively proceeded at the vinyl group, retaining the oxirane ring. Figure 2 shows the 1 H NMR spectrum of the polymer obtained by the MTEMPO-mediated polymerization. Signals originating from the two non-equivalent protons (c and c') of the methylene bonded to the ester oxygen were observed at 4.4-4.2 ppm and 3.9-3.7 ppm. A signal attributed to the methine proton (d) of the oxirane ring was discerned at 3.3-3.2 ppm, while two non-equivalent proton signals (e and e') for the methylene of the ring were observed at 2.9-2.8 ppm (trans) and 2.7-2.6 ppm (cis). The signals at 2.3-1.4 ppm and 1.4-0.7 ppm were based on the methylene (a) and methyl protons (b) of the main chain. These assignments agreed with those for PGMA obtained by the RAFT and free radical polymerizations of the vinyl group [36, 37] . The presence of the oxirane rings in the polymer structure and good agreement in the ratio of the respective signal intensity with the PGMA structure obtained by the polymerization of the vinyl group indicate that no occurrence of the cationic ring-opening polymerization of the oxirane rings. It has been reported that the triarylsulfonium salt serves as a photoinitiator for the cationic ring-opening polymerization of oxirane monomers [6] [7] [8] . The structure of the PGMA polymerized at the vinyl group indicates that t BuS served as the photoelectron transfer agent for the MTEMPO-mediated polymerization, rather than as the photoinitiator for the cationic ring-opening polymerization of the oxirane ring. The proposed mechanism is shown in Scheme 1. The tacticity of the PGMA obtained by the MTEMPO-mediated photopolymerization was estimated to be mm/mr/rr = 6/31/63 based on the signal intensity at 1.36-1.19 ppm for mm, 1.19-1.02 ppm for mr, and 1.02-0.73 ppm for rr. This syndiotactic-rich proportion was similar to that of the poly(methyl methacrylate) (mm/mr/rr = 3/28/69 for a 58% conversion, M n = 11,300, M w /M n = 1.43) obtained by the MTEMPO-mediated polymerization under identical conditions [14] .
In order to evaluate the livingness of the polymerization, the correlation between the monomer conversion and the molecular weight of the resulting polymers was investigated. Figure 3 shows the gel permeation chromatography (GPC) profiles of the polymers obtained by the polymerization for 4 h (conversion = 17%), 5 h (43%), and 8 h (58%). The curves were shifted to the higher molecular weight side with an increase in the conversion, implying the living nature of the polymerization. It is suggested that the MTEMPO-mediated photoradical polymerization of GMA in the presence of t BuS selectively proceeded at the vinyl group in accordance with a controlled/living mechanism.
The correlation of the conversion and the molecular weight of the polymer is shown in Figure 4 . The molecular weight linearly increased versus the conversion, although the line for the plots did not pass through zero. This phenomenon can be accounted for by the previous study of the MTEMPO-mediated polymerization; oligomers are formed under a non-steady state during the very early polymerization [12, 18] . However, the molecular weight distribution remained at around 1.4 during the polymerization. The linear increase in the conversion-molecular weight plots and constant molecular weight distribution imply a controlled/living mechanism of the polymerization. Retention time (min)
Experimental Section
Instrumentation: The photopolymerization was carried out using a Wacom HX-500 illuminator with a 500 W high-pressure mercury lamp (BMO-500D1, Wacom Co. Ltd.). Gel permeation chromatography (GPC) was performed using a Tosoh GPC-8020 instrument equipped with a DP-8020 dual pump, a CO-8020 column oven, and a RI-8020 refractometer. Three polystyrene gel columns, Tosoh TSKGEL G2000H XL , G4000H XL , and G6000H XL were used with tetrahydrofuran (THF) as the eluent at 40 °C. 1 H NMR measurements were conducted using Varian 300 and Jeol ECS 400 FT NMR spectrometers.
Materials: (2RS,2'RS)-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (r-AMDV) was obtained by separation from a mixture of the racemic and meso forms of 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) [38] . MTEMPO was prepared as reported previously [39] . GMA was distilled over calcium hydride under reduced pressure. BuS (12.0 mg, 0.0256 mmol) were placed in an ampoule. The contents were degassed the contents several times by a freeze-pump-thaw cycle, and the ampoule was sealed under vacuum. The bulk polymerization was carried out at room temperature for 8 h with irradiation by reflective light using a mirror with a 500 W high-pressure mercury lamp. Dichloromethane (10 mL) was added to the product to dissolve it. Part of the dichloromethane solution (1 mL) was withdrawn using a syringe to determine the conversion by 1 H NMR. The residual solution was concentrated by an evaporator to ca. 3 mL and was poured into methanol (500 mL) to isolate a polymer. The precipitates were collected by filtration and dried in vacuo for several hours to obtain a polymer (594.0 mg).
Photopolymerization in the absence of MTEMPO: GMA (1.042 g, 7.33 mmol), r-AMDV (14.0 mg, 0.0454 mmol), and t BuS (12.0 mg, 0.0256 mmol) were placed in an ampoule. The contents were degassed the contents several times by a freeze-pump-thaw cycle, and the ampoule was sealed under vacuum. The bulk polymerization was carried out at room temperature for 30 min with irradiation by reflective light using a mirror with a 500 W high-pressure mercury lamp. Dichloromethane (10 mL) was added to the gel-containing product to swell it. The product was poured into methanol (500 mL) to isolate a polymer. The precipitates were collected by filtration and dried in vacuo for several hours to obtain a polymer (1.047 g). The conversion was estimated gravimetrically.
Conclusions
The controlled/living photoradical polymerization of GMA was attained using the MTEMPO mediator in the presence of t BuS. The polymerization selectively proceeded in a radical manner to produce a polymer bonded at the vinyl site. No occurrence of the cationic ring-opening photopolymerization of the oxirane ring even in the presence of the onium salt indicated that the onium salt did not serve as the photo-acid generator, but as the photoelectron transfer agent between MTEMPO in the excited state at the propagating chain end. This electron transfer from MTEMPO to the onium salt resulted in enhancement of the polymerization rate. The living nature of the polymerization was confirmed on the basis of the linear increase in the conversion-molecular weight plots, coupled with the constant molecular weight distribution, and GPC analysis.
